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ABSTRACT: Most yacht sails are made of thin fabric, and they have a cambered shape to generate lift force; however, 
their shape can be easily deformed by wind pressure. Deformation of the sail shape changes the flow characteristics 
over the sail, which in turn further deforms the sail shape. Therefore, fluid-structure interaction (FSI) analysis is ap-
plied for the precise evaluation or optimization of the sail design. In this study, fluid flow analyses are performed for the 
main sail of a 30-foot yacht, and the results are applied to loading conditions for structural analyses. By applying the 
supporting forces from the rig, such as the mast and boom-end outhaul, as boundary conditions for structural analysis, 
the deformed sail shape is identified. Both the flow analyses and the structural analyses are iteratively carried out for 
the deformed sail shape. A comparison of the flow characteristics and surface pressures over the deformed sail shape 
with those over the initial shape shows that a considerable difference exists between the two and that FSI analysis is 
suitable for application to sail design. 
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INTRODUCTION 
The performance of a sailing yacht depends on the balance between the hydro- and the aerodynamic forces acting on the 
hull and the sail. Numerous previous studies have focused on sail optimization, because the sail directly affects the propulsion 
performance. Most of these studies mainly focused on the basic geometry of the sail, including the camber shape and sail arran-
gement, in order to improve the lift, lift-to-drag ratio, effective angle of attack, and interactions between sails. 
Most of yacht sails are made of thin fabric, so it can be easily deformed by wind pressure in various forms such as camber 
changing, wrinkling, stretching, shivering and fluttering. The deformation of the sail shape causes changes in the forces and mo-
ments acting on the sail, which in turn causes thrust reductions and unintended turning forces called as weather helm. In this 
light, it is necessary to focus on sail deformation. Recently, Trimarchi et al. (2009) applied the finite element method (FEM) to 
calculate the sail deformation and the boundary element method (BEM) to measure the surrounding flow. Lee et al. (2011) im-
plemented a fluid-structure interaction (FSI) analysis using a grid deformation technique to determine the deformation of the 
two-dimensional cross-section of a 30-foot yacht sail. 
As mentioned above, the fabrics used to make sails are very thin and flexible; therefore, even though their initial shape is 
quickly restored by an elastic effect, they can deform considerably compared to the initial shape. In this light, it is reasonable to 
clarify their deformation behavior using nonlinear analysis. Bak et al. (2013) investigated the nonlinear behavior of a sail by 
applying FSI analysis to the deformation of a simple-shaped sail made of thin fabric. Specifically, the interaction between aero-
dynamics and finite element analysis was studied by one-way FSI for a fabric sail, with the supporting forces generated by the 
mast, boom, and rigs applied as the boundary conditions for structural analysis. 
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In the present study, FSI analysis of the main sail of a 30-foot yacht is carried out. The finite volume method (FVM) is used 
to calculate the fluid force that affects the sail deformation. In structural deformation analysis by FEM, fixed boundary con-
ditions are applied to define the supporting force generated by the mast and boom-end outhaul. Nonlinear structural analyses are 
iteratively carried out until the deformation is converged. The deformed sail shape is compared with the initial shape with re-
gard to the dynamic pressure on the sail surface, lift and drag force, and location of center of effort (CE). The effect of the de-
formed sail on the aerodynamic characteristics is also evaluated. 
NUMERICAL ANALYSIS  TECHNIQUE 
 FSI method 
FSI analysis methods can be classified as direct-coupled FSI, one-way FSI, and two-way FSI. Direct-coupled FSI is an ana-
lytical method in which the flow and structural analyses are simultaneously coupled. In one-way FSI, the result of flow analysis 
is applied to the loading condition of the structural analysis in which the interaction at the boundary is performed only once and 
interactive loading calculations are not carried out. The two-way FSI method requires a repetitive calculation as the deformation 
of the shape largely depends on the fluid force and the structural deformation affects the flow again. 
This study uses a partial two-way FSI method, as shown in Fig. 1.The deformation of the shape by the fluid force is identi-
fied only for the initial geometry but is not calculated iteratively. The fluid force is calculated by CFX, a commercial CFD code, 
and the grid system for CFD calculation is generated using ICEM-CFD code (ANSYS Inc., 2009). In FSI analysis, the struc-
tural deformation is calculated by applying the fluid forces as the distributed loads for structural analysis.  
CFX calculates the fluid forces at each nodal point, and FEM-based LS-DYNA requires the loading force at center of each 
elements. Generally, the integral method is used to convert the values on nodes to an element; however, this approach is not 
efficient for a model with a large number of elements. Therefore, the Workbench program of ANSYS, which can be used to 
perform FSI analysis by integrating CFX and LS-DYNA, is used in this study. 
The static structure module in Workbench can be used for finite element modeling as well as structural analysis. This mo-
dule is used to calculate the structural deformation by applying the pressure value, which is calculated using CFX at a node, as 
the distributed load for the static structure module. However, the static structural module can only be applied to linear analysis 
for a small deformation. For nonlinear analysis of the large deformation of a thin fabric based on finite element theory, a non-
linear FEM code such as LS-DYNA is required. In this study, the pressure loads for structural analysis are generated using 
Workbench, wherein both finite element modeling and fluid force conversion are carried out. The FSI analysis of sail defor-
mation is performed using LS-DYNA. 
 
 
Fig. 1 Procedure of partial two-way FSI analysis. 
 Governing equations for flow analysis 
In this study, turbulent flows around the sail are simulated using CFX by solving the three-dimensional Navier–Stokes Eq. 
(2) using the continuity Eq. (1). 
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where iU is the fluctuating velocity of a turbulent flow; ρ , the fluid density; μ , the fluid viscosity; and P , the static 
pressure. 
Eq. (3) expresses the temporal change in the velocity of turbulence iU  in terms of the sum of the time-averaged velocity 
iU  and fluctuation component of the velocity iu . 
i i iU U u= +  (3) 
To simplify these complicated expressions, the Navier–Stokes equation is integrated with time to obtain the time-averaged 
Reynolds-averaged Navier–Stokes (RANS) equation:  
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CFX is based on FVM, which has been adopted for the numerical simulation. The governing equations for viscous flow 
include the continuity equation, three momentum equations, volume fraction, and turbulence equations. In addition, the k-ω 
shear-stress-transport (SST) model is adopted, because it is designed to give highly accurate predictions of the onset and the 
amount of flow separation under adverse pressure gradients by the inclusion of transport effects into the formulation of the 
eddy-viscosity. For the inclusion of the current effect later on, the k-ω SST model is expected to accurately simulate flow sepa-
ration around the sail with relatively low computational cost compared to higher-order turbulence models (Menter, 1994). 
Nonlinear structural analysis for sail 
Sail cloth can be classified as a shell or a membrane with a laminated composite structure that shows some distinctive cha-
racteristics such as anisotropy of multiple laminations. The sail deformation can become geometrically large owing to the thin 
thickness, elasticity, and external forces. Analysis of the large deformation of an anisotropic membrane requires a nonlinear 
FEM. Furthermore, a sail shows a distinctive structural behavior, namely, wrinkling, that affects the distribution of tension force 
on the sail surface; this may lead to a change in the deformation characteristics of the sail (Heppel, 2002). To more realistically 
describe the sail deformation behavior, Hughes and Carnoy (1983), which explains the finite strain and the thinning behavior, is 
applied. The formulation for a degenerate shell element is as follows: 
( ) ( ), , , ,a ax N xξ η ζ ξ η ζ=  (5) 
( ) ( )( )( )1 1 1, ,
8
a a a
aN
ξ ξ η η ζ ζξ η ζ + + +=  (6) 
( ) ( ) ( ), , , , ,x x Xξ η ζ ξ η ξ η ζ= +  (7) 
where ݔ is an arbitrary point in the element, (ξ , η , ζ ) are the parametric coordinates, ax  are the global nodal coordinates 
of node a, and aN  are the element shape functions evaluated at node a. The mapping of the bi-unit cube into the shell ele-
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ment is separated into two parts, where x  denotes a position vector to a point on the reference surface of the shell and X  is a 
position vector based at a point x  on the reference surface that defines the fiber direction through that point. In the context of 
kinematics, the same parametric representations used to describe the geometry of the shell element, reference surface, and fiber 
vector interpolation are used to interpolate the shell element displacement, an iso-parametric representation. Again, the displace-
ments are separated into the reference surface displacements and rotations associated with the fiber direction. 
( ) ( ) ( ), , , , ,u u Uξ η ζ ξ η ξ η ζ= +  (8) 
( ) ( ), ,a au N uξ η ξ η=  (9) 
( ) ( ) ( ), , ,a aU N Uξ η ζ ξ η ζ=  (10) 
( ) ( ) ˆa a aU z Uζ ζ=  (11) 
where uis the displacement of a generic point; u , the displacement of a point on the reference surface; and U , the fiber 
displacement rotations. The motion of the fibers can be interpreted as either displacements or rotations. For a shell element with 
four nodes, the known quantities will be the displacements of the reference surface u   obtained from the translational equa-
tions of motion and some rotational quantities at each node obtained from the rotational equations of motion. To complete the 
kinematics, a relation between the nodal rotations and fiber displacements U  is needed. At each node, a unique local Carte-
sian coordinate system is constructed for use as a reference frame for the rotation increments (Hallquist et al., 1985; Hughes and 
Liu, 1981a; Hughes and Liu, 1981b). 
FLOW ANALYSIS FOR A SAIL 
In this study, numerical analysis is carried out on the main sail of a 30-foot sloop yacht, the KORDY30 (Yoo et al., 2005). 
The camber shape of the sail is expressed by a zero-thickness wing section with the NACA a= 0.8 mean-line (Abbott and 
Doenhoff, 1949), which is known to be similar to a modern sail. Lee et al. (2006), Yoo and Kim (2006), Kim et al. (2011), and 
Kim et al. (2012) have previously carried out numerical and experimental studies for this sail system. The initial shape of the 
main sail is defined as shown in Fig. 2 and Table 1. 
Analysis conditions and assumptions 
CFD analyses for the main sail are carried out under the following assumptions and conditions: 
(1)  Both the mast and the boom are considered as rigid structures that are not deformed. 
(2)  The incident angle of apparent wind is 20° with a speed of 20 knots, and the corresponding Reynolds number is 2.663× 106. 
(3)  The governing equations for viscous flow are RANS, and the solutions are obtained using FVM.  
(4)  For turbulent flow analysis, an SST turbulent model based on k-ω and the wall function method is employed. 
(5)  2,140,815 unstructured grids are used for CFD analysis. Both the windward and the leeward sides of the sail surface use 
32,457 grids. 
 
Table 1 Geometrical parameters of the main sail. 
Location from foot Foot 25% 50% 75% Top 
Height (mm) 0 3,000 6,000 9,000 11,900 
Chord Length (mm) 4,000 3,000 2,000 1,000 10 
Baseline Angle (deg.) 0 5 10 15 20 
Camber Ratio (%) 8 10 12 14 16 
P = 11.9 m, E = 4.0 m, area of main sail MA = 25.02 m2 , P : height of main sail, E : length of mail sail foot. 
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Fig. 2 Schematic view of the main sail geometry. 
Grid generation 
The grid system for the CFD calculation is generated by using the ICEM-CFD code, and the C-type grid topology is used, 
which is that apparent wind flow with angle of attack at sail fixed. Fig. 3 shows the grid system used for this calculation; it 
consists of 2,140,815 unstructured grids and 32,457 grids on both the windward and the leeward sides of the sail surface. The 
size of the grid around the sail is kept small to realize accurate calculations, as shown in Fig. 4. All forces and flow 
simulations are computed at a Reynolds number of 2.663 × 106; this corresponds to a wind speed of 20 knots and a main sail 
with a reference length of 4.0 m at 25°C; furthermore, the distance of the first adjacent grid from the sail surface is adjusted to 
y+ = 100. 
    
  
Fig. 3 Grids and topology for fluid analysis. 
 
  
Fig. 4 Grids on sail surface. 
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Numerical calculation method 
In this study, the commercial software ANSYS-CFX, which is based on FVM, is adopted for the numerical simulation. The 
governing equations for viscous flow include the continuity equation and RANS equation. The computational conditions are an 
apparent wind speed of 20 knots and a steady state, as shown in Table 2. 
The k-ω SST model is adopted for the boundary conditions in the numerical calculation. The SST model was designed to 
provide highly accurate predictions of the amount of flow separation under adverse pressure gradients rather than k-ε. Therefore, 
it is used for this calculation because it is important to predict the separation generated in the sail. 
  
Table 2 Computational conditions & method. 
Governing equation Incompressible RANS eqn. 
Discretization of momentum transport equation Element-based finite volume method 
Turbulence model k-ω shear stress transport (SST) 
Wall function Automatic near-wall treatment 
Advection term High resolution scheme 
Diffusion term Central difference scheme 
Density 1.185 kg/m3 
Reynolds number 2.663 × 106 
Apparent wind velocity 10.3 m/s (20 kts) 
Results of CFD calculations on initial sail shape 
The flow characteristics are reviewed via the pressure distribution and limiting streamlines on the main sail surface. Fig. 5 
shows the limiting streamlines and the distribution of the dynamic pressure coefficient on the sail surface, wherein flow sepa-
ration is found around the sail leech in the leeward side. The flow separation can also be detected by representing the field stre-
amlines around the sail on the section of 25% sail height. The pressure values obtained on the initial sail surface are applied to 
the loading conditions for structural analysis.  
 
 
Fig. 5 Pressure distribution and limiting streamlines on the initial sail. 
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Fig. 6 Streamlines around the initial sail on the section of 25% sail height. 
 
 
 Fig. 7 Streamlines around the initial sail on the three-dimensional section of 25% sail height. 
STRUCTURAL ANALYSIS OF A SAIL 
 Analysis conditions and assumptions 
The structural analyses of a sail are carried out based on the following assumptions: 
(1) Kevlar® 49 fabric (E. I. DuPont de Nemours and Co., Inc.) is used to approximate the material properties of actual sail fa-
bric, and their values are shown in Table 3. 
(2) 7,824 finite elements are used for the structural analysis, and the pressure of the sail as calculated in the flow analysis is 
considered as the loading condition. 
(3) All translational motions are constrained to describe the boundary conditions on the fixed support by the mast and boom-
end outhaul, as shown in Fig. 8. 
(4) The actual sail is fixed by the mast on the sail luff edges, and the sail foot, which is the end of the edge (sail clew) is su-
pported by the tension force owing to the boom-end outhaul. 
 
Table 3 Material properties of Kevlar® 49 fabric. 
Density 1439.4 kg/m3 
Elastic modulus 124 GPa 
Poisson ratio 0.36 
Thickness 0.34 mm 
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Fig. 8 Boundary conditions for structural analysis. 
 Results of structural analysis 
LS-DYNA is a general-purpose nonlinear explicit finite element code for analyzing the large deformation static and dy-
namic response of structures. The main solution methodology is based on explicit time integration, namely, constant loading 
along the deformed sail surface. Therefore, a large structural deformation is required to verify the tidal convergent process, as 
shown in Fig. 10. 
Fig. 9 shows the deformation of a sail subjected to dynamic loads, namely, dynamic pressures caused by a flow. The 
maximum sail deformation is 0.16 m in the case that the dynamic pressure changes linearly over time. The figure also shows 
that an unsupported edge represents a relatively large deformation and the variation of deformation becomes uniform with time. 
 
 
Fig. 9 Displacement contours of the sail deformation according to time. 
 
 
Fig. 10 History of the sail deformation at a node with maximum displacement. 
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The deformation of a node located on the 25% section of the height of the sail is selected to review the convergence of this 
deformation. Fig. 10 shows the time history of the displacement at a node with maximum deformation; it is found that the diffe-
rence in displacement is below 0.0001 m after ~10 s, and therefore, the convergence of the calculation of the structural defor-
mation can be confirmed. 
The area of the deformed sail is compared with the area of the initial sail to verify that the shape of the camber varies with 
the stretching of the sail fabric itself. Table 4 shows that the area of the deformed sail increased by 0.001%. It is found that the 
variation of the sail area is negligibly small and the stretching of the fabric under wind pressure is not the main reason for cam-
ber change. 
 
Table 4 Comparison of surface areas of the initial and the deformed sails. 
 Initial Deformed Difference 
Sail Area (m2) 25.0290 25.0293 0.0003 (0.001%) 
 
Fig. 11 shows the sectional cambers at each height of the sail. Cambers near the sail luff are found to be deformed deeper at 
lower sections, and the maximum draft moves to the leech at higher sections, which is also called sail twisting. At 25% of the 
height, the sail camber near the leech is closed to the windward side, which may be expected owing to the pressure change on 
the leeward side of the sail. 
 
 
Fig. 11 Comparison of camber lines of the initial and the deformed sails. 
FLOW ANALYSIS FOR DEFORMED SAIL 
To identify the variation of the aerodynamic performance of the deformed sail, the CFD calculation is performed under the 
same analysis conditions as those for the initial sail. The flow characteristics, surface pressure distribution, lift-drag forces, and 
the change in CE are reviewed for the initial and the deformed sails. 
 Flow over the deformed sail 
The distribution of the dynamic pressure and the limiting streamlines on the sail surface are reviewed for the initial and the 
deformed sails. Fig. 12 shows that the range of positive pressure near the luff is expanded on the windward side, which is why 
the cambers near the sail luff are deformed deeper at lower sections, as shown in Fig. 11. 
Fig. 14 shows that the eddy section resulting from the flow separation generated around the leeward side of the sail leech is 
increased compared to that in the initial sail, which can also be observed from the field streamlines in Figs. 6 and 14. Consi-
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dering the flow separation on the leeward side recovers the surface suction pressure, which is why the camber line near the 
leech moves to the windward side, as shown in the 25% section in Fig. 11. 
 
            
Fig. 12 Pressure distribution and limiting streamlines       Fig. 13 Pressure distribution and limiting streamlines  
on the initial and the deformed sails (windward side).       on the initial and the deformed sails (leeward side). 
 
 
Fig. 14 Streamlines around the deformed sail on the two-dimensional section of 25% sail height. 
 
  
Fig. 15 Streamlines around the deformed sail on the three-dimensional section of 25% sail height. 
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 Surface pressure and forces 
Figs. 16-19 show the dynamic pressure distributions on the sail surface for sections of 5%, 25%, 50%, and 75% sail heights. 
Fig. 16, for a section of 5% sail height, shows that the negative pressure on the suction side of the deformed sail near its foot is 
increased compared to the initial pressure in the range of x/c = 0.05–0.55 and relatively decreased in the range of x/c > 0.55, 
wherein the camber lines are also crossed as shown in Fig. 11. and Fig. 19 shows that the difference between the positive and 
the negative pressures is remarkably reduced for a section of 75% sail height. The effective angle of attack at the leech of the 
upper sail is considered to be reduced by the sail twist because of which the leech of the upper sail retreats. Eventually, the di-
fferential between the positive pressure on the windward side and the negative pressure on the leeward side is considered to re-
duce the lift force owing to the sail twist, as shown in Fig. 11.  
 
      
Fig. 16 Comparison of pressure distributions             Fig. 17 Comparison of pressure distributions 
on the section of 5% sail height.                       on the section of 25% sail height. 
 
     
Fig. 18 Comparison of pressure distributions             Fig. 19 Comparison of pressure distributions 
on the section of 50% sail height.                      on the section of 75% sail height. 
 
The coefficients of the lift and drag forces are compared to study the changes in the aerodynamic performance of the sail 
before and after deformation. In the deformed sail, it is assumed that the lift force will increase because the camber of the lower 
sail, which has a relatively large area, deepens. However, the calculated results show that the drag force increase by ~4.9% and 
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the lift force decreases by ~0.2%, and therefore, the lift-drag ratio indicating the sail performance decreases by ~4.9%. The re-
sults in this study conflict with those of Lee et al. (2011), who studied a two-dimensional sail by FSI analysis and showed that 
the lift force increases with the change in camber. This is because unlike the two-dimensional sail section, the three-dimensional 
sail generates a partial stall by the separation flow on the leeward side of the lower sail, and the effective angle of attack is re-
duced by leech sagging on the upper sail. Therefore, the increase in the lift force decreases overall when compared with the 
increase in the lift force by the deepening camber. 
 
Table 5 Lift and drag coefficients of the initial and the deformed sails. 
 Initial Deformed Difference 
LC  0.6906 0.6983 -0.19% 
DC  0.1154 0.1211 4.88% 
/L DC C  5.982 5.693 -4.84% 
 Location of  CE 
When the sail is deformed, the CE location moves and the yacht loses balance with the center of the lateral resistance, the 
underwater hydrodynamic force, which results in some forces acting on the yacht. In particular, these forces cause an unin-
tended turning force called as weather helm or thrust deduction. This study examined the change in CE location due to sail de-
formation. As shown in Fig. 20 and Table 6, the CE locations of the initial and the deformed sails are compared based on the 
results of an empirical method (Larsson and Eliasson, 2000) in which the centroid of the lateral projected surface is considered 
as the CE. The CE moves slightly astern and downward, whereas the CEs vary slightly for the initial shape and the deformed 
sail. The results of CE movement can be interpreted by both a larger lift force on the lower part of the sail and the retreat of the 
camber center. 
 
Table 6 Comparison of the CE locations. 
 Initial Deformed Difference Centroid 
Longitudinal 1093.7 1114.1 20.4 (astern) 1347.4 
Vertical 4499.4 4323.9 14.6 (downward) 3945.8 
CE location based on main sail tag, unit: mm 
 
Fig. 20 Comparison of CE locations. 
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CONCLUSION 
In this study, sail deformation under wind pressure is identified by applying the fluid force calculated by CFD to nonlinear 
finite element analysis. CFD analysis is carried out iteratively on the deformed sail shape, and the shapes of the initial and the 
deformed sails are reviewed to determine the aerodynamic characteristics. In structural deformation analysis by FEM, fixed bo-
undary conditions are applied to define the supported force by the mast and outhaul, and nonlinear structural analyses are itera-
tively carried out for the deformed sail shape, which is compared to the shape one in terms of the characteristics of the sail shape. 
First, the area of the deformed sail is compared with that of the initial sail to identify the variation cause in the camber shape 
by the stretching of the sail fabric itself. The variation of the sail area is found to be negligibly small, and the stretching of the 
fabric under wind pressure is not the main reason for camber change because the area of the deformed sail is increased by 0.001% 
compared to the initial sail. 
Second, the sectional camber shape of the deformed sail for each height of the sail is compared with the initial shape. The 
cambers near the sail luff are deformed deeper at lower sections, and the maximum draft moves to the leech at higher sections, 
which is called as sail twisting. 
Owing to these changes in the sail camber, the range of positive pressure near the luff and the eddy section resulting from 
the flow separation is expanded compared to the initial range, the drag coefficient increases by ~4.9%, and the lift coefficient 
decreases by ~0.2%. These results conflict with those obtained for a two-dimensional sail by FSI analysis. This is because the 
three-dimensional sail generates a partial stall by the separation flow on the leeward side of the lower sail, unlike the two-di-
mensional sail section, and the effective angle of attack is reduced by leech sagging on the upper sail; therefore, the increase in 
lift force decreases overall. Furthermore, the CE location moves slightly astern and downward because of both a larger lift force 
on the lower part of the sail and the retreat of the camber center. 
As a result, the deformation analysis of the three-dimensional sail geometry using FSI indicates that the sail shows com-
plicated flow phenomena such as a change in the effective angle of attack and stalling caused by flow separation owing to the 
deformation of the camber shape and sail twisting. A comparison of the flow characteristics and the lift and drag forces of the 
deformed sail shape with those of the initial one shows that a considerable difference exists between the two and that FSI analy-
sis is suitable for application to sail design. 
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